In order to reduce the structural vibrations of a mechanical system used in aerospace, a new sketch of eddy current damper (ECD), consisting of one cylindrical permanent magnet, two ring-shape copper plates, one axial transmission shaft and electromagnetic shield, is proposed. Three dimensional (3D) electromagnetic transient analysis on damping performance of the proposed damper is conducted by ANSYS to determine the dimensions of the designed damper. And a series of damping tests for the damper subjected to sinusoid excitations with amplitudes of around 0.1 and 1 mm are respectively carried out under frequencies ranging from 1 to 50 Hz. The experimental results validate that the 3D transient analysis method with ANSYS is effective to guide the design of ECDs. Moreover, it is found that the proposed ECD has high damping, which is significantly superior to the one-plate ECD with the same structure and dimensions.
INTRODUCTION
The rapid development of aerospace technologies has led to a variety of applications like high resolution remote sensing, observation camera etc. These innovations are associated with some issues to be solved, involving structural vibrations induced by mechanical device in aircraft or planet (Wijker, 2004; Huo et al., 2012) . To protect mechanical system from damage caused by vibrations, it is usual to isolate or attenuate such vibrations by utilizing damping devices. Since it is rather difficult to implement maintenance and the operational environment is severe in aerospace, the damping device should be advanced in long function fatigue life, high reliability, and good applicability in vacuum and heat transformation conditions. Eddy current dampers (ECDs), with instinct natures such as Engineering, Beihang University, PR China non-contact, non-leakage and easy implementation, become a candidate to suppress vibrations of a system for aerospace applications (Sodano and Bae, 2004) .
ECDs are based on the interaction between a non-magnetic conductive material and a time varying magnetic field in their relative motion. The eddy currents are generated either by movement of the conductive material through a stationary magnet or by strength or position change of the magnetic field source, and in turn induce a magnetic field with opposite polarity as the applied field and a repulsive electromotive force (EMF) which is dependent on the rate of change of the applied field. Due to the internal resistance of the conductive material, the induced currents are dissipated into heat and the energy transformed from the system is removed .
A number of studies related to eddy current damping mechanisms and its applications have been reported in the literatures. Schmid and Varaga (1992) devise a vibration attenuation system for the construction of high-resolution scanning tunneling microscope by using eddy current dampers. Their research indicate the two-stage spring-suspended systems with eddy-current damping for the upper stage only are superior to similar systems with eddy-current damping of both stages. Sodano et al. (2005 Sodano et al. ( , 2006 propose a type of ECD to suppress the transverse vibration of a beam structure and study its damping characteristics in both ambient and vacuum conditions. Based on electromagnetic theory and energy method, a theoretical model of the system is established to estimate the electromagnetic damping force generated from the structure and experiment is performed to verify the model. Their results show that the proposed ECD may provide sufficient damping force to quickly suppress the beam's vibration. Kwag et al. (2007) and Bae et al. (2009) propose and develop an eddy current shock absorber by using a permanent magnet in a conductive tube and discuss it is more effective than Sodano's model because the radial flux is almost perpendicular to the copper tube surface. Ebrahimi et al. (2008 Ebrahimi et al. ( , 2010 design and analyze an eddy current passive damper with different configurations of permanent magnets. Its damping characteristics are obtained through analytical modeling and verified by experimental works. Cheah and Sodano (2011) develop a novel eddy current mechanism for passive magnetic bearing and carry out theoretical and finite element analysis to predict the force as it vibrates. Zuo et al. (2011) present a new designed eddy current damper for structural vibration control in civil engineering field. The magnetic field in this damper is split into multiple ones with alternating directions to reduce the electrical resistance of the eddy current loops and increase the damping force and damping coefficient. In addition, the dependence of damping on velocity and frequency is also examined in their paper.
The utilizations of eddy current damping in aerospace have been conducted by some researchers. Gunter et al. (1983) explore an eddy current damping system for the cryogenic pumps used to deliver the liquid fuel to the main engines of the space shuttle, which is based on the consideration that at very low temperature of the cryogenic pumps, the resistivity of the conductor is decreased and thus a large damping force can be induced. An analytical model is established by using a rough finite element code to estimate the damper's performance and their result shows the damping generated by the system is sufficient to suppress the rotor vibration. Cunningham (1986) proposes an ECD to reduce the lateral vibration of the cryogenic turbomachinery used in space shuttles. Experimental work on a rotor is conducted to measure the damper's performance and its damping coefficient is provided by theoretical analysis. Kienholtz et al. (1996) design a vibration isolation system to protect a large optical instrument intended for Hubble telescope from the harsh vibrations expe-rienced during shuttle launch and aims to serving for 20 years without maintenance. In his research, the dynamic behavior of the ECD is analyzed and it is found that the force/velocity ratio of the damper significantly varies with temperature. Sodano and Bae (2004) review various types of eddy current damping mechanisms used in different structures and systems, including the applications utilized in space field. In addition, the future of eddy current dampers with some potential uses that have not yet been studied is discussed in his article.
Some numerical simulations on the magnetic field distribution and eddy current of ECDs are also conducted, generally based on finite element method (FEM). Many of them have been verified by experiments under given conditions. For example, Albertz et al. (1996) use a complete FE formulation for the calculation of nonlinear eddy current fields with ferromagnetic moving conductors. The computation procedure is applied to an eddy current braking system of a high velocity train and the resulting braking forces are compared to measurements. Baranski et al. (2011) perform the transient electromagnetic finite element analysis of the eddy current damper for a last stage steam turbine blading and carry out parameter studies to calculate its equivalent damping factors. Laborenz et al. (2011) offer special software and elaborate its algorithm for transient finite element (FE) analysis of coupled electromagnetic-thermal problems in a squirrel cage induction motor. Bíró et al. (2014) provide an efficient finite element method to take account of the nonlinearity of the magnetic materials when analyzing three-dimensional eddy current problems. It is shown that using FEM together with the continuous/discrete harmonic balance method is capable of providing the steady-state solution to large, complex real-world eddy current problems when nonlinearity of ferromagnetic media is taken into account. However, most analysis on damping of ECDs is on basis of 2D steady method, by which 2D magnetic field can be obtained accurately but it is unable to analyze 3D magnetic field distribution and eddy current of ECD consisting of permanent magnets. Though 3D transient analysis method is probable to solve such problems, rare research has been conducted so far.
In this paper, a damper based on eddy current damping mechanism is designed. The 3D electromagnetic transient analysis on damping performance of ECDs consisting of one permanent magnet is conducted by commercial package ANSYS to determine its structural parameters. In order to validate the damping performance of ECD resulting from numerical simulation, a series of experiments subjected to sinusoid excitation with amplitudes of around 0.1 and 1 mm are performed under frequencies ranging from 1 to 50 Hz.
CONFIGURATION OF ECD
One effective way to achieve high damping of an ECD is enhancing the variation of applicable magnetic fields. Aiming at this target, a new ECD design sketch based on Sodano's model (2005) is proposed in present work, as shown in Figure 1 .
This ECD consists of one cylindrical permanent magnet, two ring-shape copper plates, one axial transmission shaft and the electromagnetic shield. The configuration and prototype of the proposed two conductive plates ECD is schematically shown in Figure 2 . The hollow cylindrical magnet, installed in the ECD with fixed bearing, provides uneven magnetic field inside the damper. The two copper plates are symmetrically placed at two sides of the magnet to generate eddy currents and connected with the mechanical system by the shaft. The surrounded electromagnetic shields are made of soft iron against magnetism. When the transmission shaft moves downwards, the magnetic flux through the upper copper plate increases and the lower one decreases simultaneously, and vice versa. However, both of them cause repulsive forces against their motions. The repulsive forces are proportional to the velocity of the shaft and, as it was descripted above, the damping work done during this process acts as dissipated energy. It is expected that the proposed ECD with two copper plates may generate large eddy current and damping force, resulting in better damping performance than one-plate ECD. 
ELECTROMAGNETIC SIMULATIONS OF THE ECD
In order to achieve high damping, the geometry sizes of the ECD components are to be determined by performance analysis of the damper. Since the design based on experiments is too costly and time-consuming, it is feasible to utilize numerical simulation method to analyze performance of the damper initially. Hence 3D electromagnetic transient analysis on magnetic field of ECD is conducted by ANSYS based on FEM in present work.
3 D Transient Electromagnetic Analysis
By far, it is difficult to conduct 3D static magnetic field analysis involving permanent magnet in electromagnetic analysis module of ANSYS if velocity effect is to be taken into account. An alternative way for such simulations is using either harmonic analysis or transient analysis method. Har-monic analysis can be considered as quasi-static since its frequency may be assumed very small. Under such conditions, it is applicable to simulations in an invariable magnetic field only. In 3D transient analysis, the invariable magnetic field generated from permanent magnet is equivalent to some loading steps with respect to time, in which the magnetic field intensity increases with time until its maximum and keep constant forwards. It should be noted that in each loading step, not only the boundary conditions but also corresponding time and items related to loads are defined.
A detailed description on 3D transient electromagnetic analysis is given as follows. The material properties of the ECD in simulations are defined in Table 1 . The element type using in simulations is SOLID97 of 8 nodes. The velocity effect of the eddy current plate is defined by conventional velocity Veloy=-0.1 m/s, where the negative sign means the eddy current plate moves downwards along the vertical direction. And the velocity effect of other parts of the ECD is not taken into account. On the upper and lower surfaces of ECD, magnetic lines are parallel to the horizontal direction. It is the boundary condition applied in the electromagnetic simulation. As it was mentioned above, the magnetic field generated from permanent magnet is equivalent to two loading steps in 3D transient analysis. Figure 3 plots the relation of the magnetic field versus time. In the first loading step, the magnetic field linearly changes with respect to time at 0-0.04 s. While in the second loading step, the magnetic field is invariable until 0.2 s and every substep is iterated a few times with time integration effect option turning on. The output of 3D electromagnetic transient analysis to the ECD includes strength and distribution of magnetic field, the eddy current and the Lorentz force. It should be noted that the accuracy of simulation results is highly dependent on the time step size defined in analysis. Though small size generally leads to high accuracy of the analytical result, sometimes it is accompanied with a significant error if it is set too small, especially in the setting of initial conditions. Moreover, the 3D transient model will be validated by conducting damping experiments to the prototype of ECDs in Section 4.
Determination of Structural Parameters
With the demand of weight and operational environment, the materials of the magnet and plate are determined and structural parameters of the ECD are estimated and listed in Table 2 . Then the dependence of damping coefficient on the parameters, including velocity, thicknesses of the magnet, thickness of the plate and gap between the magnet and plate, are analyzed respectively to design the damper. To clearly know the effect of each parameter on damping performance of the ECD, the other parameters are assumed invariable during simulations. At the conditions given in Table 2 Figure 5 . It is clearly seen the damping coefficient is not changed monotonically with respect to the thickness. It increases when the thickness of magnet varies from 26.0 mm to 34.0 mm and then decrease when its thickness is up to 42.0 mm. Thus, at given conditions, the thickness of magnet is chosen as 34.0 mm.
The damping performance is dependent on not only the distribution of magnet field but also the volume of the plate. Thus it must be changed with the thickness of copper plates. The analysis results of ECD with plate thickness of 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0 and 9.0 mm are schematically shown in Figure 6 . It is found from the curve that the damping coefficient increases with rising thickness because the induced eddy current is enhanced. However, the increasing rate turns slow at
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large thickness of the plate. Based on the changing trend represented by the curve and consideration of weight reduction, the thickness of the plate is chosen as 5 mm. 
When the positions of the magnet are fixed, the damping performance of ECD is affected by the gap between the magnet and each copper plate since the distribution of magnetic field is change with vertical distance away from the surface of the magnet. The damping force and coefficient of ECD with different gap of 0.5, 1.0, 2.0, 3.0, 4.0, 5.0 mm are calculated at velocity of 0.1 m/s and the results are shown in Figure 7 . It is shown the damping coefficient almost decreases with increasing gap. Because the stroke of the damper is usually limited within 1 mm, the gap at initial state is chosen as 2 mm to achieve high damping and prevent the plate from touching the magnet.
The chosen parameters are listed in Table 3 . The FEM analysis results of designed ECD with selected parameters at initial state with velocity of 0.1 m/s are shown in Figure 8 . Figure 8 (a) and (b) present the overall magnetic field distribution inside the ECD and nearby the two eddy current plates in the last iterative step of FEM simulation respectively. It can be found that the magnetic field distribution near to the upper and lower plates is not uniform, probably due to the unsymmetric installation of components of ECD prototype and disturbance of iron shield. Because the magnetic field intensity of lower plate is stronger and more uniform than that of upper plate, the magnetic flux of lower plate varies more obviously and in turn induces larger and denser eddy current, as shown in Figure 8 (c). Since damping force, i.e. Lorentz force, is proportional to the magnetic flux, of course the resultant force generated from the lower plate is larger than that of upper plate. This result may refer to the plot of Figure 8 Gap between plate and magnet 2 Damping performance of a damper is usually indicated by some parameters like damping force and damping coefficient. Hence the simulations on damping of proposed two-plate ECD and conventional one-plate ECD with the same dimensions are respectively carried out and compared by these two parameters. The comparison results are listed in Table 4 . It is shown that the damping force, as well as damping coefficient, generated from two-plate ECD is around double of that of oneplate damper. Thus it is indicated that the additional plate may highly enhance the damping performance of the ECD. 
EXPERIMENTAL WORK

Experimental Setup
The experimental setup of ECD includes electromagnetic exciter, signal generator, power amplifier, controller, force sensor, piezoelectric accelerometer, laser vibrometer, data acquisition unit and computers for controlling and data acquisition, as shown in Figure 9 . The ECD and a spring are parallel to connected with the electromagnetic exciter. The excited signal is controlled by signal generator and controlling computer and amplified by power amplifier, then transferred to electromagnetic exciter. The acceleration and force signals are respectively measured by high precision accelerometer and force sensor and presented in data acquisition computer via data acquisition unit. Finally, the required damping performance of the tested ECD is derived from signal processing. The stroke and frequency of the mechanical device required to reduce vibration in aerospace applications usually range from 0 to 1 mm and 1 to 50 Hz respectively. Thus a series of tests on damping of ECD prototype subjected to sinusoid excitation with small and large amplitudes (around 0.1 and 1 mm) are carried out under frequencies of 1 Hz and then ranging from 2.5 to 50 Hz with spacing of 2.5 Hz. All damper specimens are inspected at beginning of tests and tested with a number of cycles. An example of the damping work measured in one complete cycle at the two different amplitudes is respectively shown in Figure 10 and Figure 11 . The equivalent damping coefficient (Kelly, 2000) of the damper can be derived from the hysteresis loop area of the damping work and it is given by
where W  represents the area of hysteresis loop, and variables A and f are amplitude and frequency of sinusoid excitation respectively. The damping coefficients of the ECD subjected to excitation of different frequencies are calculated by Eq.
(1) and summarized in Table 5 and 6. 
Analysis of Experimental Results
The experimental data indicate that the damping performance of ECD relies on the amplitude and frequency of excitation signals. These behaviors are describes and explained below, to authors' knowledge, for comprehension of the mechanism and design of the ECD. When the excitation amplitude is small (around 0.1 mm), the damping coefficient of ECD slowly decreases with excitation frequency rising from 1 to 50 Hz and tends to numerical simulation result of 86.3 Ns/m. Because the damping force at small amplitude excitation is not large enough to ignore the effect of friction resistance, which is unable to be taken into account in 3D transient analysis module, the damping coefficients measured in experiments behaves larger than the simulation result. However, due to the fact that the Lorentz force augments with increasing frequencies and in turn the proportion of friction resistance is considerably abated, the measured value turns close to the simulation at high frequencies.
When the excitation amplitude is nearby 1 mm, the damping coefficient of ECD rapidly decreases with excitation frequency rising from 1 to 30 Hz and then falls slowly until the frequency is up to 50 Hz. It is caused by the skin effect (Hart, 2006) , which happens in surfaces of copper plates and is induced by high velocity of the moving plates during the high frequency excitation process, associated with slowly rising of eddy current. The nature of this phenomenon is that the generated eddy currents may induce a magnetic field with opposite polarity as the applied field, thus reducing the effective magnetic field intensity and becoming significant at high velocity. At low frequencies, the experimental data are closed to numerical results because the skin effect is not significant in such conditions. With increasing frequencies, the moving shaft speeds up and the influence of skin effect become obvious, associated with rapid reduction of damping coefficient of the ECD. However, the acceleration rate of the shaft decreases when the frequency is larger than 30 Hz, leading to slow reduction of damping coefficient of ECD. Comparison between experimental data and simulation results shows the damping coefficients measured by experiments deviate from the numerical results, and the derivation is dependent on the amplitude of excitation because the mechanism and influencing factors at various amplitudes are different. Though the experimental and numerical results are not in compliance very well since the friction resistance and skin effect are not involved in numerical simulation, the changing trends denoted by them are the same. Hence it is considered the numerical analysis is useful to guide the parameter determination of the proposed ECD. Table 6 : Damping coefficient of the ECD at amplitude of around 1 mm.
Comparison Between One-Plate ECD and Two-Plate ECD
In order to indicate the high damping of proposed ECD, a one-plate ECD prototype with the same dimensions is manufactured and the damping coefficients of the two types of damper derived from tests are compared. The comparison results are plotted in Figure 12 . Since the damping work of ECD is done by the damping force of plates moved in magnetic field, the value of damping coefficient of two-plate ECD should be around double times of that of one-plate ECD in theory. When the excitation amplitude is around 1 mm, the comparison results agree with it. But the experimental data at small amplitude of around 0.1 mm are in conflict with it. The damping coefficient of two-plate ECD is much larger than the one-plate ECD at excitation amplitude of. It may benefit from the fact that its dependence on initial equilibrium position is not as much as the latter one. 
CONCLUSIONS
Based on eddy current theory and Sodano's model, a new design of eddy current damper is proposed. Both numerical analysis and experimental work are conducted to investigate its damping performance. And some conclusions are drawn as follows:
(1) It is effective to utilize FEM to analyze the damping performance of ECDs. The damping resulting from 3D transient electromagnetic analysis at small amplitude, high frequency is obviously accurate compared with simulations in the other conditions.
(2) The proposed ECD has high damping performance at small amplitude excitation. The experimental results show the damping coefficient of proposed ECD is dependent on velocity of damper, excited amplitude and frequency. At amplitude of 0.1 mm, its damping coefficient is up to 100 Ns/m when the excitation frequency is lower than 20 Hz. At excitation amplitude of 1 mm, the damping coefficient sharply reduces due to significant skin effect induced by high velocity of eddy plates.
(3) The damping performance of designed ECD is validated by experimental data. And it is indicated that the damping performance of two-plate ECD is superior to the one-plate ECD.
